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Nitric oxide generated by the inducible form of nitric
oxide synthase (iNOS) may contribute to the patho-
genesis of multiple sclerosis (MS). In this report, we
studied postmortem tissues of MS patients for the
expression of iNOS by in situ hybridization and im-
munocytochemistry. Immunocytochemistry for ni-
trotyrosine, a putative footprint for peroxynitrite for-
mation was also performed. In acute MS lesions,
intense reactivity for iNOS mRNA and protein was
detected in reactive astrocytes throughout the lesion
and in adjacent normal appearing white matter. Stain-
ing of macrophages, inflammatory cell infiltrates,
and endothelial cells was variable from case to case,
but generally detected only in acute lesions. In
chronic MS lesions reactive astrocytes at the lesion
edge were positive for iNOS whereas the lesion center
was nonreactive. Normal appearing white matter
demonstrated little reactivity, as did tissues from non-
inflamed control brains. Staining for nitrotyrosine
was also detected in acute but not chronic MS lesions,
and displayed a diffuse parenchymal, membranous,
and perivascular pattern of immunoreactivity.
These results support the conclusion that iNOS is
induced in multiple cell types in MS lesions and that
astrocyte-derived nitric oxide could be important in
orchestrating inflammatory responses in MS, par-
ticularly at the blood-brain barrier. (Am J Pathol
2001, 158:2057-2066)

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system (CNS) that is thought to be me-
diated by an autoimmune attack directed against com-
ponents of the myelin sheath. MS lesions are character-
ized by loss of myelin, oligodendrocytes, and axons
associated with a mononuclear inflammatory infiltrate and
a reactive gliosis. Although the mechanisms that lead to
loss of function associated with these events remain
poorly understood, the activation of T cells and macro-
phages that secrete freely diffusable factors has been
widely implicated. Included in these factors are the pro-

inflammatory cytokines interleukin (IL)-1, tumor necrosis
factor-«, IL-12, and interferon (IFN)-vy, and reactive oxy-
gen and reactive nitrogen species. All of these factors
have been shown to be elevated in active MS lesions,
and animal models support a role for them in disease
pathogenesis. 2

The anti-proliferative and/or cytotoxic effects of nitric
oxide (NO) have been associated with the persistent
production of high levels of NO that occurs after the
activation of the inducible form of nitric oxide synthase
(iINOS).2 The expression of this enzyme in various cell
types is known to be transcriptionally regulated and to be
activated by a combination of pro-inflammatory signals
such as ligands that activate toll-like receptors and/or
cytokines such as IL-1, tumor necrosis factor-a, and in-
terferon-y (IFN-v).% NO by itself demonstrates only weak
toxic activity, but congeners formed by auto-oxidation
such as NO,., N,Og, and S-nitrosothiols enhance its cy-
totoxic potential. The toxicity of NO is also greatly en-
hanced when it combines with O,_ to generate peroxyni-
trite (ONOO-), an oxidant capable of damaging lipids,
proteins, and DNA.*~® Detection of nitrotyrosine at in-
flammatory sites serves as a biochemical marker for per-
oxynitrite formation.”® Activated macrophages/microglia
are a major source of reactive oxygen intermediates,
whereas INOS has been detected in a wide range of
different cell types.

The factors that lead to the activation of iINOS have
been shown to be both cell-type- and species-specific.
So, for example, it is known that in cells of human origin
enhancer elements are located upstream of —4.7 kb
within a 10-kb promoter region that contains four func-
tional nuclear factor-kappa B (NF-kB) elements® and two
activatory protein-1 (AP-1) sites.® This pattern of cis-ele-
ment expression contrasts markedly with the murine
iINOS promoter, where only 1.0 kb of 5'-flanking se-
quence containing two NF-«B sites is required for lipo-
polysaccharide and cytokine responsiveness and no AP1
sites are detected.’® These data strongly suggest that
the factors that regulate INOS expression differ between
mice and humans and this has been supported by stud-
ies in which it has been shown that activation of INOS in
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Table 1. iNOS Immunoreactivity in Multiple Sclerosis Tissue

Case iNOS
no. Age/sex Number slides examined and lesion type reactivity* Cell localization
1 54/F 4, Balo’s concentric sclerosis (acute MS) 4+ Astrocytes, inflammatory cells and endothelial cells
2, NAWM negative
2 31/F 6, Acute MS 4+ Astrocytes, rare vessels & inflammatory cells
3 50/F 3, Chronic active MS 2+ Astrocytes
4 55/F 2, Chronic silent MS 1+ Astrocytes
2, NAWM None
5 43/F 1, Chronic silent MS 1+ Rare astrocytic reactivity
6 43/F 2, Chronic active MS 2+ Astrocytes
7 51/F 1, Chronic active MS 2+ Astrocytes
8 60/F 1, Tropical spastic paraparesis 2+ Astrocytes
9 41/M 2, Normal None
10 35/F 2, Normal None

*INOS immunoreactivity was assessed using a semi-quantitative scale of 0 to 4, reflecting the number of positive cells per area.

NAWM: normal-appearing white matter.

human monocytes/macrophages is relatively refractory to
lipopolysaccharide and cytokine activation, and compar-
atively little is known about the regulation of this enzyme
in these cells.’ "2 However, INOS can be readily induced
in human cell types of varying lineages by a combination
of cytokines, and in human fetal astrocytes activation by
IL-1 in combination with IFN-y forms a potent inducing
stimulus. ™

Because IL-1 and IFN-y are known to be up-regulated
in active MS lesions, these data would suggest that as-
trocytes should be activated to express iINOS at these
sites. Two early reports that examined the expression of
NADPH diaphorase staining as an indicator of NO pro-
duction supported a role for astrocytes as a source of NO
in MS lesions,'*'® however, two subsequent studies us-
ing a reverse transcriptase in situ polymerase chain re-
action (PCR) hybridization and/or immunocytochemical
approach failed to detect INOS in astrocytes, and instead
implicated cells of the monocyte/macrophage lin-
eage.'®'” More recently, a study of brain biopsies from
two acute cases of MS in young adults detected signal for
iNOS in both reactive astrocytes and perivascular mono-
cytes/macrophages, whereas no signal was found in
more chronic MS cases.'® These data suggest that the
extent of lesion activity may critically affect which cell
types express iINOS in the lesion. To address this possi-

bility in greater detail we have examined MS lesions of
varying activity and age for iNOS expression using a
combination of in situ hybridization for INOS mRNA and
immunocytochemistry for iNOS protein and nitrotyrosine
production. The results support the conclusion that in
active MS lesions multiple cell types, including astrocytes
both within and outside of the lesions, express both INOS
mRNA and protein whereas the distribution of peroxyni-
trite is more restricted.

Materials and Methods

Tissue

Tissues were derived from archival autopsy material from
the Clinical Neuropathology Service of the Albert Einstein
College of Medicine or from a brain bank established by
Dr C. S. Raine at the same institution. All tissue collection
and use was approved by the Committee on Clinical
Investigation of the Albert Einstein College of Medicine.
Early postmortem tissues (4 to 18 hours) were studied
from 12 patients (Tables 1 and 2) with a clinical diagnosis
of primary progressive (case 2) or secondary progressive
MS (cases 3to 7 and 10 to 13). Case 1 came to autopsy
with a diagnosis of progressive multifocal leukoenceph-

Table 2. Nitrotyrosine Immunoreactivity in Multiple Sclerosis Tissue

Case Nitrotyrosine
no. Age/sex Sections examined and diagnosis reactivity” Regional localization
1 54/F 5, Balo’s concentric sclerosis 4+ Lesion center and perilesional white matter
2, NAWM None
2 31/F 2, Acute MS 3+ Lesion center
12 34/F 5, Acute MS 2+ Lesion center & perilesional white matter
11 33/F 4, Chronic active MS + Perilesional white matter
4 55/F 4, Chronic silent MS + Lesion edge
1, NAWM None
13 71/F 2, Chronic silent MS None
14 46/M 4, Chronic silent MS + Perilesional white matter
1, NAWM None
9 41/M 2, Normal None
10 35/F 2, Normal None

*Nitrotyrosine immunoreactivity was assessed using an arbitrary scale of O to 4.

NAWM: normal-appearing white matter.



alopathy, but was reclassified as Balo’s concentric scle-
rosis after neuropathological examination. Tissues were
either snap-frozen and embedded in OCT medium and
stored at —80°C until use, or processed for conventional
paraffin embedding. The classification of the lesions fol-
lowed the recommendations of the recent workshop and
were determined after extensive analysis of the distribu-
tion of inflammatory cells, T cells, macrophages, and
evidence of myelin breakdown in these tissues.™

In Situ Hybridization

The presence and distribution of INOS mRNA in MS
lesions was determined by in situ hybridization using both
radioactive and nonradioactive hybridization procedures.
Radioactive in situ hybridization was performed on two
acute MS lesions (cases 1 and 2; Table 1) using ribo-
probes that were constructed by PCR using primers for a
325 bp of INOS (3'CCG TGA CCC AGA ACC CCG AA
and 5" CCA GCA TCT CCT CCT GGT AG) as described.?
The PCR product was cloned into the TA vector (Invitro-
gen) and orientation and nucleotide sequence of inserts
confirmed by automated sequencing. Antisense and
sense probes were transcribed in the presence of 2°S-
UTP from appropriately cleaved template using Sp6 or T7
RNA polymerases.

Cryostat sections were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Ft. Washington, PA) for
20 minutes at room temperature, rinsed in phosphate-
buffered saline (PBS), and treated with proteinase-K (1
pg/ml) in 1x PBS for 15 minutes at 37°C. Slides were
then rinsed in 1X PBS and treated with 0.1 mol/L trieth-
anolamine, pH 8.0, and 0.25% acetic anhydride for 5
minutes at room temperature. Additional acetic anhy-
dride was added to make a 0.5% solution, and slides
were incubated for another 5 minutes. They were then
rinsed in 2X standard saline citrate (SSC) for 5 minutes
and dehydrated through graded alcohols. Hybridization
solution (50% formamide, 0.3 mol/L NaCl, 20 mmol/L
NaAc, pH 5.0, 5 mmol/L ethylenediaminetetraacetic acid,
10% dextran sulfate, 2% Denhardt’s solution, 50 mmol/L
dithiothreitol, 10 mg/ml yeast t-RNA, and probe at 10*
cpm/ul) was heated to 80°C for 2 minutes and then
applied to the slides, which were incubated overnight at
42°C. Slides were washed in 4x SSC and 10 mmol/L
dithiothreitol three times throughout 1 hour. Slides were
then dehydrated in graded alcohols, incubated for 15
minutes at 50°C in 50% formamide, 300 mmol/L NaCl,
200 mmol/L NaAc, 10 mmol/L ethylenediaminetetraacetic
acid, and 1 mmol/L dithiothreitol, and then washed with
2X SSC. Slides were then treated with RNase A in 20
wrg/ml of RNase buffer (0.5 mol/L NaCl, 10 mmol/L Tris-
HCI, and 1 mmol/L ethylenediaminetetraacetic acid) for
30 minutes at 37°C and then washed with a large volume
(1 L) of the RNase buffer for 30 minutes at 37°C. Slides
were then washed with 4 to 5 changes of 2X SSC for 1
hour. Finally, the slides were washed with 0.1x SSC for
15 minutes at 50°C before being dehydrated in graded
alcohol washes. Slides were dipped in emulsion and
incubated for 14 to 21 days at —80°C before develop-
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ment and counterstaining with hematoxylin. Primary cul-
tures of human fetal astrocytes activated with cytokines
as described'® were used as positive and negative con-
trols for the antisense and sense probes respectively.

Nonradioactive in Situ Hybridization

Three MS cases showing acute, chronic active, and
chronic silent MS lesions were studied. Anti-sense
probes consisted of a 32-base oligonucleotide compli-
mentary to mRNA in the carboxy terminus of iINOS
(5'AGA GCG CTG ACA TCT CCA GGC TGC TGG GCT
GC) and the 3’ PCR primer described above. As a con-
trol, sense probes were generated using an oligonucle-
otide complimentary to that described above (GCA GCC
CAG CAG CCT GGA GAT GTC AGC GCT CT) and the &'
PCR primer. These probes were labeled by 3’ tailing with
digoxigenin-UTP according to the manufacturer’s instruc-
tions (Boehringer Mannheim, Indianapolis, IN).

Paraffin sections were dewaxed and rehydrated
through xylene and a series of graded alcohol washes,
then treated with 0.2 N HCI for 20 minutes at room tem-
perature, 2X SSC for 15 minutes at 70°C, and protein-
ase-K 1 pug/ml, 1X PBS) for 15 minutes at 37°C, washed
in PBS, and then postfixed with 4% paraformaldehyde.
After another wash in PBS, sections were incubated in 0.1
mol/L triethanolamine, pH 8.0, and 0.25% acetic anhy-
dride for 5 minutes at room temperature. Additional ace-
tic anhydride was added for a total of 0.5% in the solution
and slides were incubated for another 5 minutes. Slides
were rinsed in 2X SSC, rehydrated through graded alco-
hol, then air-dried. Slides were incubated in hybridization
solution (50% deionized formamide, 4x SSC, 1X Den-
hardt's solution, 0.5 ug/salmon sperm DNA, 0.25 ug/
yeast tRNA solution, and 20% Dextran sulfate for 1 hour
before the addition of probe, 200 ng in 30 ul of each
oligonucleotide). Sections were incubated with 10 to 15
wl of hybridization solution for 18 to 24 hours at 45°C in a
humidified chamber. Slides were rinsed with 2 SSC and
then washed for 15 minutes in 2xX SSC and 50% form-
amide at 45°C a total of four times. A final wash of 1X
SSC at room temperature was performed for 1 hour.
Labeling of sections by probe was detected by immuno-
staining for digoxigenin with nitroblue tetrazolium as the
chromogen according to the manufacturer’s instructions
(Boehringer-Mannheim). Sections were counterstained
with nuclear Fast Red.

Immunocytochemistry

Paraffin sections were microwaved for 7 minutes in dis-
tilled water for antigen retrieval and then incubated with
3% H,0, for 30 minutes, followed by incubation with 10%
goat serum for 1 hour. Rabbit serum raised against the
human iNOS carboxy terminal peptide corresponding to
amino acids 1135 to 1153 (Santa Cruz Biochemical,
Santa Cruz, CA) was then applied at a dilution of 1:100 in
10% normal goat serum for 16 hours at 4°C. The sections
were then washed and incubated with biotin-conjugated
anti-rabbit IgG (DAKO, Carpinteria, CA) for 30 minutes at
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room temperature and then processed using the ABC
technique and diaminobenzidine as substrate (Pierce,
Rockford, IL). The specificity of the reaction was deter-
mined by pre-absorption with the specific INOS peptide
(20-fold excess for 2 hours, room temperature; Santa
Cruz). Parallel sections were stained for immunoreactivity
to glial fibrillary acidic protein (BioGenex, San Ramon,
CA), S1008 (DAKO), or CD68 (KP-1; DAKO). For double
labeling for INOS and cell-type-specific markers, sec-
tions were first immunostained for iINOS using diamino-
benzidine (brown) as the chromogen, followed by incu-
bation with mouse monoclonal antibodies directed
against GFAP or CD68 and alkaline-phosphatase-conju-
gated secondary antibodies for 4 hours room tempera-
ture. Nitroblue tetrazolium was used as the chromogen.

Nitrotyrosine Immunocytochemistry

Sections were microwaved for 7 minutes in distilled water
for antigen retrieval and then incubated with a rabbit
antibody against nitrotyrosine (Upstate Biotechnology,
Lake Placid, NY) at 1:200 in 10% normal goat serum in
PBS for 16 hours at room temperature. Further incuba-
tions with secondary antibody and avidin-biotin complex
were performed as above. Diaminobenzidine was used
as the chromogen. Positive controls consisted of sections
treated with 0.5 mmol/L of tetranitromethane (Sigma
Chemical Co., St. Louis, MO) in 50 mmol/L KH,PO, for 15
minutes, and negative controls using tissues from cases
1 and 2 consisted of sections treated with antibody in the
presence of 10 mmol/L nitrotyrosine, as previously de-
scribed.?®

Results and Discussion

INOS mRNA Expression in MS Lesions as
Determined by in Situ Hybridization

In the first set of experiments, we used highly sensitive
radioactive riboprobes on two acute MS lesions to deter-
mine whether INOS mRNA was present in sufficient abun-
dance to be detected by regular in situ hybridization
procedures, or whether a more sensitive reverse tran-
scriptase in situ PCR protocol would be required. As
shown in Figure 1, strong reactivity for INOS mRNA was
detected in the active lesions. Figure 1A depicts the edge
of an acute lesion with the lesion center to the left and
normal appearing white matter to the right. In the lesion,
prominent accumulations of silver grains were noted dec-
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orating large cells, the size, shape, and distribution of
which was consistent with hypertrophic reactive astro-
cytes. In addition, an elevated distribution of silver grains
was observed throughout the lesioned area, with the
edge of the lesion clearly demarcated by a drop-off in the
intensity of silver grain deposition. Elevated accumula-
tions of silver grains were also detected in association
with blood vessels both within the lesion as well as in the
adjacent normal appearing white matter (Figure 1, A and
C). A higher power view of the lesion shown in Figure 1A
depicts intense labeling of large cells consistent with
hypertrophic astrocytes (arrow) and a lower level reac-
tivity decorating smaller cells in the lesion (Figure 1B).
Using a combination of in situ reactivity for INOS mRNA
and immunoreactivity for CD68, some of these smaller
cells were positive for both (Figure 1B inset), indicating
that these cells belonged to the macrophage lineage. In
Figure 1C, a higher power view of an inflamed vessel
shows both a linear array of reactivity, as well as focal
accumulations of silver grains, consistent with reactivity
associated with perivascular infiltrates. In contrast, no
silver grains were detected in the same tissues hybrid-
ized with a control sense probe (Figure 1D).

We then examined these same lesions, as well as
additional MS tissues, using a nonradioactive probe di-
rected against a different region of the iINOS gene. In
acute MS lesions reactivity for INOS mRNA (blue) was
detected in large cells distributed throughout the lesion
center (Figure 1E). When this same lesion was examined
at higher magnification, inflamed vessels within the lesion
displayed reactivity for iNOS mRNA within endothelial
cells as well as in some of the inflammatory cells present
in the inflammatory cuffs (Figure 1F). Within the lesion
center the large reactive INOS mRNA reactive cells dis-
played the morphology and characteristic distribution of
hypertrophic astrocytes (Figure 1, G and H), as illustrated
by staining of parallel sections with S1008 (Figure 1H,
inset). From these data we conclude that multiple cell
types can be activated to express iNOS mRNA in MS
lesions. In contrast to inflamed areas of the CNS, no
reactivity was detected in white matter areas distant from
the lesions (Figure 11). When the acute lesions of the
brain were reacted with a sense probe no reactivity was
detected (Figure 1J). Chronic-silent MS lesions showed
minimal reactivity (data not shown).

iINOS Immunoreactivity in MS Lesions

To examine the distribution of INOS protein in these same
lesions, the tissues were reacted for immunohistochem-

Figure 1. /n situ hybridization for iINOS mRNA in MS lesions. To assess the distribution of iNOS mRNA in MS lesions tissues were reacted either with probes labeled
with 23S (A-D) or with digoxygenin (E-J). A: A low-power view of the edge of an acute MS lesion shows prominent deposition of silver grains over large cells
(red arrows) within the lesion (left), as well as in association with vascular elements (blue arrow). B: High-power view of the lesion center demonstrating
intense labeling of large cells consistent with reactive astrocytes (red arrows), and a lower level reactivity decorating smaller cells (blue arrows). Inset shows
the same lesion double-labeled for CD68 antigen (brown) and iNOS mRNA (silver grains). C: High-power view of an inflamed vessel. Note the linear array of
silver grains consistent with reactivity of the vessel wall (red arrows) and more focal accumulations suggestive of reactivity in inflammatory cells (blue arrows).
D: A control section reacted with sense RNA probe. E: Nonradioactive in situ hybridization for iNOS mRNA (blue) in an acute MS lesion. F: High-power view
of a perivascular inflammatory cell cuff demonstrating inflammatory cells that are positive (arrowhead) as well as negative (arrows) for iNOS mRNA. Note that
the endothelial cells also demonstrate iNOS mRNA reactivity. G: Higher power view of the lesion demonstrating intense reactivity (blue) throughout the lesion
center. H: Large cells within the lesion center expressing intense iNOS mRNA reactivity (blue) are compatible with hypertrophic astrocytes stained for S1008 in
serial sections (inset). I: Normal appearing adjacent white matter showing lack of iNOS mRNA expression. J: Same lesion as in E hybridized with a control sense
probe. Original magnifications: X200 (A and E), X400 (C, D, I, and J), X800 (B, F, and H), and X1000 (I, insets in B and D).
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istry using a human iINOS-specific antibody. In previous
studies we have shown that this antibody reacts strongly
with primary cultures of human fetal astrocytes that have
been activated by cytokines and that can be shown to
release high levels of NO as determined by the Griess
reaction, and which by Western blot express a single
band of ~130 kd."™ In all lesions from seven different
cases of MS, iINOS immunoreactivity was detected within
lesioned areas of the brain, with levels that correlated
with lesion activity (Table 1 and Figure 2). A case of
tropical spastic paraparesis was also studied and
showed a moderate degree of INOS expression (Table
1). Two normal control cases, as well as normal appear-
ing white matter in MS tissues, showed little or no iINOS
reactivity.

In MS lesions the distribution of INOS immunoreactivity
was consistent with that found for analysis of INOS
mRNA. Within the center of acute lesions, strong iINOS
immunoreactivity was detected in hypertrophic astro-
cytes, as well as in some perivascular infiltrating cells and
occasional endothelial cells (Figure 2, A and B). Reactiv-
ity associated with astrocytes was confirmed by double
labeling with glial fibrillary acidic protein (Figure 2, C and
D). The extent of iINOS reactivity in macrophages was
variable from lesion to lesion, and in some active lesions
perivascular macrophages (as identified by labeling with
CD68) were not stained with the INOS antibody (Figure
2E). In more chronic lesions, the lesion center was gen-
erally nonreactive for iNOS protein, and iNOS reactivity
was localized to scattered reactive astrocytes along the
border of the lesion (Figure 2F). The specificity of the
immunoreactivity for iNOS protein was then determined
by pre-absorption of the antibody with the specific pep-
tide supplied by the manufacturer (Figure 2G). INOS
immunoreactivity was also noted in reactive astrocytes at
some distance from the lesion, as well as in association
with noninflamed blood vessels (Figure 2H). The expres-
sion of INOS immunoreactivity in astrocytes at some dis-
tance from the lesion has been noted in the animal model
of MS, experimental autoimmune encephalomyelitis
(EAE), and the authors speculate that astrocyte-derived
NO at these sites may be protective and serve to limit the
spread of the inflammatory process.?’ This interesting
hypothesis is discussed further in light of the data for
peroxynitrite (see below). Normal appearing white matter
remote from the lesion, as well as white matter from a
normal control brain was nonreactive (Figure 2I). IL-1,
which has been implicated in the induction of iNOS in
astrocytes,'® was also prominently expressed in the
acute MS lesions (Figure 2J).
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Nitrotyrosine Immunoreactivity in MS Lesions

Seven MS cases were examined immunohistochemically
for evidence of nitrotyrosine, a relatively specific and
stable biochemical marker for peroxynitrite formation,
particularly when large amounts are present.”%22 Be-
cause the deposition of peroxynitrite represents a reac-
tion between reactive nitrogen and reactive oxygen spe-
cies, its production cannot be localized to one cell but its
presence within the tissues is indicative of the presence
of both NO and O,_. The results are summarized in Table
2 and illustrated in Figure 3. In acute lesions intense
peroxynitrite staining was detected within the paren-
chyma with a distribution pattern suggestive of immuno-
reactivity on cell membranes and/or myelin membrane
staining, as well as in perivascular and interstitial loca-
tions (Figure 3; A, B, and C). This distribution of nitroty-
rosine reactivity is remarkably similar to that recently
documented in patients with AIDS dementia complex,®>
and supports previous studies that have detected the
presence of nitrotyrosine in association with disease ac-
tivity in the CNS of patients with MS, as well as in
EAE.822:24 This close apposition of nitrotyrosine as well
as iINOS immunoreactivity to vessels (illustrated in Figure
3, E and F) likely contributes to the damage to the blood
brain barrier that is a cardinal feature of active MS le-
sions.! In addition, a small number of discrete nitroty-
rosine-positive cells were detected in three cases,
whereas in two other cases, weak staining was detected
in many cells (Table 2 and Figure 3). Pre-absorption of
the antibody with nitrotyrosine led to loss of immunore-
activity, including the diffuse immunoreactivity associ-
ated with the lesion center (Figure 3D) and inflamed
vessels (Figure 3G), demonstrating the specificity of the
reaction. Chronic MS lesions (Figure 3H) as well as nor-
mal white matter in three MS cases and in two normal
brains showed no immunoreactivity (Table 2).

Taken together, the results of this study provide strong
support for the conclusion that INOS mRNA and protein
are abundantly expressed in active MS lesions, with
many different cell types, including reactive astrocytes,
macrophages, and endothelial cells, showing reactivity
for both INOS mRNA and protein. The abundant expres-
sion of INOS mRNA and protein in reactive astrocytes
both within the lesion and in the adjacent normal appear-
ing white matter is, therefore, consistent with the initial
results obtained with NADPH-diaphorase staining in MS
lesions, ™ '® as well as with a more recent report that
studied two active cases of MS.'® The expression of
iINOS by reactive astrocytes is also consistent with the in

Figure 2. iNOS immunoreactivity in MS lesion. Shown are an acute MS lesion from a case of Balo’s concentric sclerosis (A and B), and an acute MS lesion (C,
D, and E). A: A low-power view of the lesion demonstrating immunoreactivity for iNOS protein in hypertrophic astrocytes (arrowheads) as well as in
inflammatory cells present in inflammatory cuffs (arrows). B: Higher power view of the lesion demonstrating reaction product in hypertrophic astrocytes
(arrowheads), inflammatory cells, and endothelial cells. C: An acute lesion demonstrating immunoreactivity for iNOS protein in hypertrophic astrocytes
(arrowheads). Note that most inflammatory cells were nonreactive (arrows). D: Double labeling of serial sections for GFAP (purple) and iNOS (brown) and
in E for CDO8 (purple) and iNOS (brown). F: A chronic active lesion demonstrating lack of staining in the lesion center (right) and iNOS immunoreactivity in
reactive astrocytes at the lesion edge (left). G: Same lesion as in F after staining with anti-iINOS antibody absorbed with the specific peptide. H: Occasional staining
of astrocytes was detected in noninflamed areas. I: Normal appearing white matter from normal brain was nonreactive. J: Acute MS lesion immunoreacted for IL-1.
Original magnifications: X250 (A, F, G, and H), X500 (B, C, D, and E), and X200 (I and J).
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chronic MS

Figure 3. Nitrotyrosine immunoreactivity in MS lesions. A through D are from an acute MS lesion. A: At the lesion edge nitrotyrosine immunoreactivity can be
seen surrounding an inflamed vessel. B: A higher power view of the lesion demonstrates intense nitrotyrosine immunoreactivity in association with small round
cells, as well as staining of membranes in the adjacent parenchyma. C: The distribution of nitrotyrosine immunoreactivity throughout the lesion center that is lost
when stained with antibody in the presence of excess nitrotyrosine (D). E through G: An inflamed vessel reacted for iNOS (E), nitrotyrosine (F), and nitrotyrosine
antibody in the presence of excess nitrotyrosine (G). H: The edge of a chronic active lesion demonstrating lack of immunoreactivity for nitrotyrosine. Original
magnifications: X250 (A, B, D-H), X500 (C).



vitro data, and with evidence from animals with EAE,
where reactivity has been noted in these cells both within
the lesion center as well as in hypertrophic astrocytes
located at some distance from the lesion itself.?? It is
likely that the induction of INOS in these cells represents
aresponse to the presence of pro-inflammatory cytokines
such as IL-1 and IFN-y in the lesion,"'® and our studies
further demonstrated prominent reactivity for IL-1 in these
tissues.

This distribution of INOS expression is in general
agreement with the notion that NO generated via iNOS
may contribute to lesion pathogenesis in MS, but also
raises the question as to the function of NO within these
tissues.®?> Although most early reports focused on the
potential role of NO as a mediator of tissue injury, after the
observation that NO is toxic for oligodendrocytes and
neurons,?®2” enhances conduction failure in demyeli-
nated axons,?® and that inhibitors of NO production can
protect animals against EAE,*°3" more recent studies
have questioned a purely destructive role for NO in these
lesions. In particular, data from mice with targeted dele-
tions of the INOS gene have shown enhanced suscepti-
bility to EAE®23% and specific inhibitors of iINOS have
been found to reactivate EAE in recovered animals,3*
suggesting a more significant role for the anti-inflamma-
tory/immunosuppressive properties of NO. Studies of
other inflammatory disorders in these mice have also
supported an anti-inflammatory role for NO produced via
the activation of INOS.353¢ Nevertheless, it should be
kept in mind that the immunosuppressive activities of NO
are thought to be mediated principally through the induc-
tion of apoptosis in lymphocytes, again attesting to the
cytotoxic potential of this free radical.

As noted by Willenborg and colleagues in their recent
review,® an alternative interpretation is that NO is gener-
ally an immunosuppressive anti-inflammatory molecule
whereas in the target tissues some downstream mole-
cule, such as peroxynitrite, is responsible for tissue de-
struction. In the lesions studied here intense immunore-
activity for nitrotyrosine was detected in most but not all
active MS lesions. This concept is also consistent with the
data from animals with EAE, where widespread evidence
of peroxynitrite was detected in animals with active dis-
ease, particularly hyperacute EAE, but not during dis-
ease regression even though the animals still displayed
evidence of inflammation and clinical activity,?® and the
observations that inhibitors/scavengers of peroxynitrite
protect against disease expression.®"%” Of greater rele-
vance to the current studies are the data from Cross and
colleagues,® who demonstrated nitrotyrosine immunore-
activity in active MS lesions and significantly elevated
levels of nitrate (the product of NO and peroxynitrite) in
the cerebrospinal fluid of patients in clinical relapse. Au-
topsy CNS tissues from patients with AIDS dementia
complex also showed intense and widespread deposi-
tion of nitrotyrosine, which was not detected in patients
who had died with HIV encephalitis not associated with
dementia.?* The authors suggested that the formation of
peroxynitrite in these lesions represented an interaction
between activated macrophages/microglia that func-
tioned as a source of cytokines such as IL-1 and reactive
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oxygen intermediates, and astrocytes that were activated
by these cytokines to produce NO. We would suggest yet
a further involvement of activated T cells as a source of
IFN-v, a cytokine that is known to act synergistically with
other activators in the sustained production of high levels
of iINOS in many different cell types, including astro-
cytes. 39101338 From this scenario we predict that the
production of the highly toxic downstream products of
NO would require interactions between appropriately ac-
tivated lymphocytes, macrophages/microglia, and astro-
cytes. Such a complex multiple signaling pathway requir-
ing cooperative activity between multiple cell types is
encountered frequently in immune-based diseases
where the potential for causing irreversible damage to
adjacent uninvolved tissues constitutes a significant risk.
In summary, our results support a role for multiple cell
types, including hypertrophic astrocytes, macrophages/
microglia, and endothelial cells, as sources of NO pro-
duction in highly acute MS lesions, whereas as the lesion
ages astrocytes become the more predominant cell type
expressing iINOS mRNA and protein. This would be con-
sistent with the known immunoregulatory role for astro-
cytes in CNS inflammation. In addition, the close proxim-
ity of astrocytes to the blood brain barrier and the
expression of iINOS in activated astrocytes as well as
peroxynitrite at sites adjacent to the blood brain barrier
also support the possibility that astrocyte INOS may con-
tribute to vasodilation and damage to the blood brain
barrier in MS, in addition to immunoregulatory and cyto-
toxic roles.
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